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1 
MODULAR BATTERY CONTROLLER 


CROSS-REFERENCE TO RELATED 
APPLICATION 


This application claims the benefit of U.S. Provisional 
Patent Application No. 61/369,211, filed on Jul. 30, 2010. 
The subject matter of the earlier filed application is hereby 
incorporated by reference in its entirety. 


ORIGIN OF THE INVENTION 


The invention described herein was made by an employee 
of the United States Government and may be manufactured 
and used by or for the Government for Government pur- 
poses without the payment of any royalties thereon or 
therefore. 


FIELD 


The present invention relates to a battery controller and, 
more particularly, to a modular battery controller that imple- 
ments a distributed cell balancing and charge control 
scheme. 


BACKGROUND 


A battery is comprised of a series of cells. In order to 
manage the voltage of the cells, a single controller is 
utilized. For example, the current state-of-the-art in digital 
charge control of batteries rests on the use of a single 
controller for multiple cells stacked in series. However, this 
approach may cause the battery to be susceptible to a single 
fault failure. In other words, this is a failure of the single 
charge controller (e.g., a Digital Signal Processor (DSP) or 
a Microcontroller). As a result, the cells in the battery may 
be more susceptible to failure due to the failure of the single 
charge controller. 


SUMMARY 


Certain embodiments of the present invention may pro- 
vide solutions to the problems and needs in the art that have 
not yet been fully identified, appreciated, or solved by 
current battery cell controllers. 

In accordance with an embodiment of the present inven- 
tion, an apparatus is provided. The apparatus includes a 
plurality of master-less controllers. Each controller is opera- 
tively connected to a corresponding cell in a string of cells, 
and each controller is configured to bypass a fraction of 
current around the corresponding cell when the correspond- 
ing cell has a greater charge than one or more other cells in 
the string of cells. 

In accordance with another embodiment of the present 
invention, an apparatus is provided. The apparatus includes 
a string of cells and a plurality of master-less controllers. 
Each controller is connected to an assigned cell in the string 
of cells and is connected to one neighboring controller. 
Furthermore, each controller is configured to bypass a 
fraction of current around the assigned cell when the 
assigned cell has a higher voltage compared to other cells in 
the string of cells 

Tn accordance with yet another embodiment of the present 
invention, a method is provided. The method includes 
assigning a master-less controller to a cell in the string of 
cells, and bypassing a fraction of current around an assigned 
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cell when the assigned cell has a higher voltage compared to 
other cells in a string of cells. 


BRIEF DESCRIPTION OF THE DRAWINGS 


For a proper understanding of the invention, reference 
should be made to the accompanying figures. These figures 
depict only some embodiments of the invention and are not 
limiting of the scope of the invention. Regarding the figures: 

FIG. 1 illustrates a modular charge control apparatus, in 
accordance with an embodiment of the present invention. 

FIG. 2 illustrates a modular charge control apparatus, in 
accordance with an embodiment of the present invention. 

FIG. 3 illustrates a controller, in accordance with an 
embodiment of the present invention. 

FIG. 4 illustrates cell balancing zones, in accordance with 
an embodiment of the present invention. 

FIG. 5 illustrates a method for broadcasting cell data, in 
accordance with an embodiment of the present invention. 

FIG. 6 illustrates a method for receiving cell data, in 
accordance with an embodiment of the present invention. 

FIG. 7 illustrates a method of cell balancing, in accor- 
dance with an embodiment of the present invention. 


DETAILED DESCRIPTION OF THE 
EMBODIMENTS 


It will be readily understood that the components of the 
present invention, as generally described and illustrated in 
the figures herein, may be arranged and designed in a wide 
variety of different configurations. Thus, the following 
detailed description of the embodiments of an apparatus, a 
system, a method, and a computer readable medium, as 
represented in the attached figures, is not intended to limit 
the scope of the invention as claimed, but is merely repre- 
sentative of selected embodiments of the invention. 

The features, structures, or characteristics of the invention 
described throughout this specification may be combined in 
any suitable manner in one or more embodiments. For 
example, the usage of “certain embodiments,” “some 
embodiments,” or other similar language, throughout this 
specification refers to the fact that a particular feature, 
structure, or characteristic described in connection with the 
embodiment may be included in at least one embodiment of 
the present invention. Thus, appearances of the phrases “in 
certain embodiments,” “in some embodiments,” “in other 
embodiments,” or other similar language, throughout this 
specification do not necessarily all refer to the same group 
of embodiments, and the described features, structures, or 
characteristics may be combined in any suitable manner in 
one or more embodiments. 

Embodiments of the present invention provide a modular 
battery charge controller or a master-less distributed digital 
charge controller for batteries having multiple cells stacked 
in a series requiring charge control. In such embodiments, 
each controller is assigned to a cell and, in some embodi- 
ments, one or more neighboring cells resulting in redundant 
sensors for critical components such as voltage, temperature, 
and current. The controllers in a given battery interact in a 
master-less fashion for the purpose of cell balancing, charge 
control, and state of charge estimation. As a result, the 
battery system is fault tolerant. 

FIG. 1 illustrates a modular charge control apparatus 100, 
in accordance with an embodiment of the present invention. 
Apparatus 100 includes, but is not limited to, a power source 
and/or load connection point 102, a relay driver 104, a string 
of cells 106, parallel strings 6f cells 108, and a communi- 
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cation bus 110. String of cells 106 can include a plurality of 
cells 112A to 112N and a plurality of controllers 114A to 
114N. In this embodiment, cells 112A to 112N are lithium 
ion cells, but other embodiments may use any type of cell 
that would be appreciated by a person of ordinary skill in the 
art. 

String of cells 106 can be arranged in a series to form a 
battery and is configured to set a voltage level of the battery. 
Parallel strings of cells 108 encompass the battery and are 
configured to set the current or power that the battery can 
deliver at the set voltage level. Parallel strings of cells 108 
are operatively connected to communication bus 110, and 
each cell in parallel strings of cells 108 has a corresponding 
controller to maintain active balancing of the cells. Each cell 
in string of cells 106 is operatively connected to the corre- 
sponding controller. For example, cell 112A is connected to 
controller 114A, cell 112B is connected to controller 114B, 
and so on. 

Also, each controller can be configured to communicate 
with the other controllers via communication bus 110. For 
example, controller 114A can broadcast (or communicate) 
data regarding cell 112A and/or data regarding controller 
114A to controller 114B. In this embodiment, each controller 
is configured to monitor a corresponding cell and broadcast 
data regarding the corresponding cell. For instance, control- 
ler 114A is operatively connected to cell 112A, and is 
configured to monitor cell 112A and broadcast data regard- 
ing cell 112A. The data may represent the cell voltage, the 
cell temperature, the current in string of cells 106, and/or the 
bypass current of the cell, as well as any other data that 
would be appreciated by a person of ordinary skill in the art. 
Because cells 112A to 112N are connected in series, when 
the string is charged and/or discharged, each cell 112A to 
112N in the string is configured to receive the same amount 
of current, unless the cell is bypassed. 

Each controller can also be configured to maintain bal- 
ance of the voltages between all the cells in string of cells 
106 during charging and, if desired, discharging in order to 
maintain a charge balance on cells 112A to 112N. For 
example, if cell 112A has a high voltage compared to one or 
more cells in string of cells 106, then controller 114A is 
configured to bypass a fraction of the current around cell 
112A. 

In order to correctly balance cells 112A to 112N, each 
controller 114A to 114N is configured to receive data from 
the other controllers, which gather the data regarding the cell 
voltage of a corresponding cell. For example, controller 
114A is configured to receive data from controllers 114B to 
114N regarding the cell voltages of cells 112B to 112N. 
Based on the received data, controller 114A can indepen- 
dently determine whether the cell 112A needs to be bal- 
anced. If cell 112A needs to be balanced, then a fraction of 
the current is bypassed around cell 112A. See FIG. 4 for an 
explanation of cell balancing. 

Each controller 114A to 114N is also capable of deter- 
mining whether the battery is exceeding a safety condition 
and, if so, then any of the controllers can be configured to 
communicate to relay driver 104 in order to turn off or stop 
the battery from charge and discharge. In this embodiment, 
controller 114A is configured to determine whether the 
battery is exceeding a safety condition. Each controller 
114A to 114N can also be configured to monitor the tem- 
perature of each cell in string of cells 106. 

In FIG. 1, controller 114A, or any controller 114B to 114N 
based on the configuration of apparatus 100, can also receive 
the battery voltage from power line PL5. A fuse F2 is 
connected to power line PL5 where battery voltage is 
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transmitted. Fuse F2 is configured to protect against short- 
circuit faults and prevent the wire or power line PL5 from 
burning. Fuses F3 and F1 are configured to function in a 
similar manner. 

By receiving the battery voltage via power line PL5, 
controller 114A, for example, can detect whether the battery 
voltage is exceeding a threshold level and, if exceeding the 
threshold level, controller 114A can command relay driver 
104 to turn off or shut down the battery. 

In this embodiment, relay driver 104 can be a microcon- 
troller with a communication bus and can be configured to 
monitor the voltage of the battery via power line PL2 and the 
current of the battery via power line PL3. In particular, 
current sensor 116 is configured to measure the current of the 
battery and transmit the measurement to relay driver 104. As 
a result, if the battery voltage or charge current is too low, 
too high and/or is unsafe, then relay driver 104 can discon- 
nect power from the battery or strings of cells 106 and 108. 
Relay driver 104 can also disconnect power from the battery, 
when commanded by any of charge controllers 114A to 
114N, if the temperature of any of cells 112A to 112N or the 
battery exceeds a threshold level. In one or more embodi- 
ment, relay driver 104 is configured to receive periodic 
messages from each controller 114A to 114N in order to 
verify whether each controller 114A to 114N is operable. It 
should be appreciated that if one or more controllers 114A 
to 114N fail to broadcast the periodic message, then relay 
driver 104 is configured to safely disconnect the battery 
from the system and/or notify the system operator. In an 
alternative embodiment, controllers 114A to 114N are also 
configured to notify relay driver 104 when one or more 
controllers are inoperable. 

It should also be appreciated that relay driver 104 receives 
power from power line PL2 via fuse F1. In some embodi- 
ments, relay driver 104 can be configured to broadcast via 
communication bus 110 the total battery voltage to the 
charge controllers to infer the voltage of a cell for the 
purpose of cell balancing and monitoring if the cell’s 
corresponding controller fails. 

It should be appreciated that communication bus 110 is an 
addressable bus (serial communication bus) in this embodi- 
ment that allows each controller to have a controller iden- 
tification ID). When controller 114A, for example, is broad- 
casting data to controllers 114B to 114N, the ID of controller 
114A is also broadcasted, along with the data, to controllers 
114B to 114N, via communication bus 110. This allows 
other controllers to determine whether a certain controller 
broadcasted data. For example, if controller 114A does not 
receive data from controller 114B, controller 114A can 
determine that controller 114B did not broadcast data based 
on the missing ID of controller 114B. Controller 114A can 
also determine the voltage of cell 112B by subtracting the 
cell voltages of the cells that were broadcasted from the total 
battery voltage, 1.¢., V.-=Vyanery~2V cett: 

In this embodiment, communication bus 110 can be a 
controller area network (CAN) bus. However, a person of 
ordinary skill in the art would readily appreciate that com- 
munication bus 110 can be Ethernet, Spacewire, a System 
Management Bus, Firewire, a Universal Serial Bus, a Serial 
Peripheral Interface, or a wireless communication link such 
as Bluetooth, Zigbee, Insteon, and Wi-Fi, or may be any type 
of communication bus based on the configuration of appa- 
ratus 100. Because communication bus 110 is a CAN bus, 
communication bus 110 can automatically detect the colli- 
sion of data broadcast from controllers 114A to 114N and 
prevent such collisions from occurring. 
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Furthermore, communication bus 110 is operatively con- 
nected to an external data acquisition system, external 
controller, or external spacecraft controller (not shown). For 
example, this configuration allows data gathered by control- 
lers 114A to 114N and relay driver 104 to be broadcast to the 
external system in order to display data to an operator of the 
vehicle (e.g., spacecraft, aircraft, etc.), as well as the ability 
to send commands to one or more controllers from the 
external system. 

FIG. 2 illustrates a modular charge control apparatus 200, 
in accordance with an embodiment of the present invention. 
Modular charge control apparatus 200 shown in FIG. 2 
illustrates similar elements and/or features as modular 
charge control apparatus 100, which is shown in FIG. 1, 
except that each controller 114A to 114N in modular charge 
control apparatus 200 can be connected to one of the 
neighboring controllers. For example, controller 114B can 
be directly connected to controller 114A. If there are addi- 
tional controllers, then the third and fourth controllers can be 
directly connected to each other, the fifth and sixth control- 
lers can be directly connected to each other, and so on. 
However, a person of ordinary skill in the art would readily 
appreciate that each controller 114A to 114N can be con- 
nected to one or more controllers based on the configuration 
of apparatus 200. 

Each controller 114A to 114N is assigned a corresponding 
cell 112A to 112N and is configured to broadcast or com- 
municate data regarding the corresponding cell as well as 
battery voltage and current, if so configured, to other con- 
trollers. For example, controller 114A is configured to 
receive data regarding cells 112B to 112N from controllers 
114B to 114N. This allows controller 114A to receive cell 
voltages of cells 112B to 112N and determine the total 
battery voltage. 

If one of the controllers does not broadcast data, then the 
other controllers can determine which controller did not 
broadcast data. For example, if controller 114A does not 
receive data from controller 114B, controller 114A can 
determine that controller 114B did not broadcast data based 
on the ID of controller 114B. This configuration allows 
controller 114A to directly measure the voltage of cell 112B 
and maintain the cell voltage on cell 112B because controller 
114A and controller 114B are directly connected to each 
other. This embodiment not only allows each controller to 
actively maintain balance of a corresponding cell, but also 
allows each controller to maintain balance of a neighboring 
cell or bypass the current from a neighboring cell should a 
neighboring controller fail. 

FIG. 3 illustrates a controller 300, in accordance with an 
embodiment of the present invention. Controller 300 
includes, but is not limited to, a regulator 302, a plurality of 
signal conditioners 304A-F, a microcontroller 306, a pro- 
gram interface 308, an isolation regulator 310, an isolation 
unit 312, a transceiver 314, a backup controller 316 that 
includes a comparator 318 and a reference 320, and a current 
sensor 322. 

Controller 300 also includes bypass circuitry that may 
dissipate power. The bypass circuit includes a fuse F1, a 
resistor R, and a switch S1. In this embodiment, switch S1 
is a field effect transistor, but in other embodiments can be 
any switch that would be appreciated by a person of ordinary 
skill in the art. The value of resistor R of the bypass circuitry 
can be adjusted to set the maximum bypass current based 
upon the maximum expected voltage of the cell N. It should 
be appreciated that if a bipolar transistor is utilized as the 
switch, then the amount of bypass current can be varied. 
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The positive side of the cell N provides power or positive 
cell voltage to controller 300 and, in particular, to voltage 
regulator 302 and conditioner 304A. Conditioner 304A is 
configured to step down or step up the cell voltage, if 
needed, and filter any noise received from the positive cell 
voltage. It should be appreciated that conditioners 304B-F 
function in a similar fashion to conditioner 304A. Regulator 
302 is configured to receive positive cell voltage to generate 
a fixed voltage for microcontroller 306 or any other com- 
ponents on controller 300. 

Positive cell voltage is also provided to reference 320 and 
comparator 318, which make up backup controller 316. 
Reference 320 provides a reference voltage (or point). The 
reference voltage allows comparator 318 to compare the cell 
voltage with the reference point to determine whether to turn 
switch S1 on. For instance, if the cell voltage is greater than 
the reference voltage, then comparator 318 turns switch S1 
on, via OR-ing function 82. This allows backup controller 
316 to bypass current from a cell once a set voltage is 
reached or exceeded if microcontroller 306 fails. 

Positive cell voltage is also provided to isolation regulator 
310. Isolation regulator 310 provides a fixed voltage to 
isolation unit 312 and transceiver 314. Because each con- 
troller operates at different voltages in relation to one 
another, the communication bus has to be isolated from each 
controller. Transceiver 314 is configured to receive data 
from and broadcast data to the communication bus. Isolation 
would not be required in an embodiment that utilized 
wireless communication. 

In order to program microcontroller 306, a program 
interface 308 is utilized. However, it should be appreciated 
that microcontroller 306 can be programmed via the com- 
munication bus. The program will dictate the conditions to 
perform, for example, active cell balancing, or any function 
that would be appreciated by a person of ordinary skill in the 
art. 

In this embodiment, temperature sensors T1 and T2 are 
mounted on controller 300 and can be physically attached 
along with the controller to a battery cell using a thermally 
conductive epoxy. Temperature sensors T1 and T2 provide 
the temperature of cell N to microcontroller 306 via condi- 
tioners 304D and 304E, respectively. Two temperature sen- 
sors are utilized in this embodiment to ensure that the cell 
temperature is being monitored in the event that either 
temperature sensor T1 or T2 fails. In other words, tempera- 
ture sensor T2 may act as a backup sensor to temperature 
sensor T1, and vice versa. 

It should be appreciated that, in this embodiment, the 
voltage across the switch S1 (and/or resistor R) is received 
at microcontroller 306 via conditioner 304F. This allows 
microcontroller 306 to measure and calculate the bypass 
current. FIG. 3 also shows a current sensor 322 that mea- 
sures the current of the string of cells and transmits the 
measurement to microcontroller 306 via conditioner 304C. 
Current sensor 322 can be a shunt, an isolated current sensor, 
or any current sensor that would be appreciated by a person 
of ordinary skill in the art. 

The voltage of the battery is received by microcontroller 
306 via conditioner 304B. As mentioned above, the voltage 
of the cell N is received by microcontroller 306 via condi- 
tioner 304A. This allows microcontroller 306 to compare the 
battery voltage and the summation of cell voltages to 
determine sensor failure or degradation, state of charge 
estimation, and cell balancing. Microcontroller 306 also 
broadcasts the battery voltage to other controllers via the 
communication bus. This allows the other controllers to 
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determine sensor failure or degradation, state of charge 
estimation, and cell balancing. 

FIG. 4 illustrates cell-balancing zones 400, in accordance 
with an embodiment of the present invention. In this 
embodiment, FIG. 4 illustrates four zones: zone 1, zone 2, 
zone 3, and zone 4. 

For instance, zone 4 illustrates when the error of a cell is 
less than a second voltage parameter -V2, which may be 
-125 mV. When the cell error is in zone 4, the controller sets 
a flag and does not perform bypassing because the cell 
voltage is less than the voltages of the other cells in the 
string. In zone 3, if the cell error is between the second 
voltage parameter -V2 and 0 volts, then the cell is deter- 
mined to be ok and the flag is cleared. In this zone, the 
controller also does not perform bypassing because the cell 
voltage is less than the voltages of the other cells in the 
string. See FIG. 7 for a more detailed explanation. 

However, zone 1, which is a hysteresis zone, shows that 
the cell error is between 0 and first voltage parameter +V1, 
which may be 20.8 mV. In this zone, the controller deter- 
mines that the cell is ok, but retains the previous bypass 
command; that is, if the controller was previously bypassing 
current, then the controller continues to bypass current until 
the cell error is below 0 mV and, if the controller was not 
bypassing current, then the controller continues to not 
bypass current. In zone 2, when the cell error is greater than 
first voltage parameter +V1, the controller indicates that the 
cell is ok and clears the flag. The controller also performs 
bypassing of the current of the cell until the cell error is 
below 0 mV. 

FIG. 5 illustrates a method 500 for broadcasting cell data, 
in accordance with an embodiment of the present invention. 
In this embodiment, a timer is setup for each controller to 
broadcast data at certain time intervals. For example, at 502, 
the timer can interrupt the controller every half a second for 
transmission of data. However, the timer intervals can be 
configured for any time based on the configuration of the 
apparatus. At 504, the controller broadcasts data to the other 
controllers in the apparatus via the communication bus. The 
data can include information regarding the cell voltage of 
the cell corresponding to the controller, a bypass current of 
the cell, and other variables such as battery voltage, current, 
and controller ID. At 506, the controller returns from the 
interrupt after the data is broadcast. It should be appreciated 
that this process repeats during the next interrupt cycle. 

FIG. 6 illustrates a method 600 for receiving cell data, in 
accordance with an embodiment of the present invention. In 
this embodiment, at 602, a reception interrupts the controller 
when data is successfully received from another controller. 
At 604, the controller is configured to store the data. The 
data can include information regarding the cell voltage of 
another cell being monitored by another controller, the 
bypass current of the other cell, and other variables such as 
battery voltage, current, and the ID of the other controller. 

At 606, after N receptions (where N is the number of cells 
in the battery), the controller receiving the data determines 
whether all of the controllers have broadcast data; in other 
words, all transmissions have completed. If all the control- 
lers have broadcast data, then the controller receiving the 
data returns from interrupt at 612. If one of the controllers 
did not broadcast the data, then the controller receiving the 
data determines which controller did not broadcast data at 
608. At 610, based on the controller that did not broadcast 
the data, the controller receiving the data computes and 
stores the data of the missing cell. In this embodiment, the 
data of the missing cell is determined by subtracting the sum 
of all cell voltages, which was received from the other 
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controllers plus the cell voltage measured by the controller, 
from the total battery voltage, which was broadcasted by 
another controller or measured by the controller. At 612, the 
controller returns from interrupt. 

FIG. 7 illustrates a method 700 of cell balancing, in 
accordance with an embodiment of the present invention. At 
702, the controller is periodically interrupted to sample data. 
At 704, the controller computes the largest error. For 
instance, this may be the cell voltage of the controller’s cell 
minus the cell voltage of each cell in the string of cells (.e., 
V cc V cot): 

Once the controller finds the largest error, the controller 
determines at 706 whether the error is between zero and a 
first voltage parameter V1. If the error is between zero and 
first voltage parameter V1, then the controller maintains the 
previous bypass command at 710. If the controller deter- 
mines the error is not between zero and first voltage param- 
eter V1, then the controller determines whether the error is 
greater than first voltage parameter V1 at 708. If the error is 
greater than first voltage parameter V1, then the controller 
sets a bypass command (or activates the bypass switch) at 
712 in order to bypass a fraction of the current from the cell. 
If the error is not greater than first voltage parameter V1, 
then the controller clears the bypass command at 714. 

At 716, the controller determines the smallest error. In this 
embodiment, the smallest error is computed by subtracting 
the cell voltage of the corresponding (or assigned) cell from 
the cell voltage for each cell (i.¢., Vigy-Vecmiy)- Once the 
smallest error is found, the controller determines at 718 
whether the error is less than second voltage parameter -V2. 
If the error is less than second voltage parameter -V2, then 
the controller sets a bad cell bit at 720. If the error is not less 
than second voltage parameter -V2, then the controller 
clears the bad cell bit at 722. The setting or clearing of the 
cell bit is to notify the operator as to the status of the cell. 

The method steps performed in FIG. 5 to FIG. 7 may be 
performed by a computer program, encoding instructions for 
the nonlinear adaptive processor to perform at least the 
method described in FIG. 5 to FIG. 7, in accordance with an 
embodiment of the present invention. The computer pro- 
gram may be embodied on a non-transitory computer read- 
able medium. The computer readable medium may be, but 
is not limited to, a hard disk drive, a flash device, a random 
access memory, a tape, or any other such medium used to 
store data. The computer program may include encoded 
instructions for controlling the nonlinear adaptive processor 
to implement the method described in FIG. 5 to FIG. 7, 
which may also be stored on the computer readable medium. 

The computer program can be implemented in hardware, 
software, or a hybrid implementation. The computer pro- 
gram can be composed of modules that are in operative 
communication with one another, and which are designed to 
pass information or instructions to display. The computer 
program can be configured to operate on a general purpose 
computer, an application specific integrated circuit 
(“ASIC”), or a controller. 

It should be appreciated that the embodiments described 
herein pertain to an apparatus and method that provides a 
distributed approach to charge control and the use of a robust 
communication bus to link the controllers. This approach 
improves the robustness of the battery by making it more 
fault-tolerant compared to a single battery controller 
approach. In addition to cell balancing, each controller can 
be programmable for over-voltage, under-voltage, over- 
temperature, and under-temperature monitoring and power 
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management. Any number of controllers can be program- 
mable for over-current monitoring and state-of-charge esti- 
mation. 

The apparatus and method described herein can also be 
applied to battery energy storage applications, such as 
electric/hybrid vehicles, motorized wheelchairs, utility com- 
panies, hospitals, industrial/commercial buildings, space 
and military applications, etc. 

One having ordinary skill in the art will readily under- 
stand that the invention as discussed above may be practiced 
with steps in a different order, and/or with hardware ele- 
ments in configurations that are different than those which 
are disclosed. Therefore, although the invention has been 
described based upon these preferred embodiments, it would 
be apparent to those of skill in the art that certain modifi- 
cations, variations, and alternative constructions would be 
apparent, while remaining within the spirit and scope of the 
invention. In order to determine the metes and bounds of the 
invention, therefore, reference should be made to the 
appended claims. 

We claim: 

1. An apparatus, comprising: 

a plurality of master-less controllers not controlled by a 
master controller, each controller operatively con- 
nected to a corresponding cell in a string of cells, each 
controller is operatively connected to a neighboring 
controller; 

wherein each controller is configured to bypass a fraction 
of current around the corresponding cell and locally 
decides to bypass current when the corresponding cell 
has a higher voltage than one or more other cells in the 
string of cells; and 

wherein the neighboring controller is configured to man- 
age a cell of another controller connected to the neigh- 
boring controller through a direct physical connection 
to that cell when the other controller fails to broadcast 
data. 

2. The apparatus of claim 1, wherein each controller is 
configured to broadcast data to one or more other controllers 
via a communication bus. 

3. The apparatus of claim 2, wherein the data comprises 
information regarding a cell voltage of the corresponding 
cell, a bypass current, a battery voltage, battery current, and 
an identification of a controller broadcasting the data. 

4. The apparatus of claim 3, wherein each controller is 
configured to receive data from one or more other control- 
lers via a communication bus. 

5. The apparatus of claim 1, further comprising: 

arelay driver configured to measure a battery voltage and 
a current supplied from a battery to a load or from a 
power source to the battery, and disconnect the power 
source or load from the string of cells when the current 
or voltage exceeds a threshold level, 

wherein the relay driver is further configured to broadcast 
the battery voltage and current to at least one controller 
in order to perform cell balancing and state of charge 
estimation, and receive a periodic message from each 
controller in order to verify that each controller is 
operable. 

6. An apparatus, comprising: 

a string of cells; 

a plurality of master-less controllers not controlled by a 
master controller, each controller connected to an 
assigned cell in the string of cells and connected to one 
neighboring controller; 

wherein each controller is configured to bypass a fraction 
of current around the assigned cell and locally decides 
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to bypass current when the assigned cell has a higher 
voltage compared to other cells in the string of cells; 
and 

wherein the controller is further configured to maintain or 

bypass a current of a neighboring cell through a direct 
physical connection to that cell when the neighboring 
controller fails to broadcast data to the controller. 

7. The apparatus of claim 6, wherein each controller 
receives power from a power source or the assigned cell. 

8. The apparatus of claim 6, wherein each controller is 
configured to broadcast data to one or more controllers 
periodically, and further configured to receive data from the 
one or more other controllers. 

9. The apparatus of claim 6, wherein the data comprises 
information regarding a cell voltage of the assigned cell, a 
bypass current of the assigned cell, a battery voltage, battery 
current, and an identification of the controller broadcasting 
the data. 

10. The apparatus of claim 8, wherein each controller is 
configured to determine whether all other controllers broad- 
casted data after N broadcasts, where N is the number of 
controllers. 

11. The apparatus of claim 10, wherein, when one con- 
troller fails to broadcast data, then each controller is further 
configured to compute and store a voltage of a cell assigned 
to the one controller that failed to broadcast the data. 

12. The apparatus of claim 6, wherein each controller is 
configured to determine whether to bypass the current of the 
assigned cell and neighbor cell whose controller has failed 
based on a largest error, 

wherein when the largest error is greater than zero and 

less than or equal to a voltage parameter, then a 
controller of the assigned cell is configured to maintain 
a previous bypass command on the current of the 
assigned cell, 

when the largest error is greater than the voltage param- 

eter, then the controller is configured to bypass the 
current of the assigned cell, and 

when the largest error is less than or equal to 0, the 

controller is configured to stop bypass of the current of 
the assigned cell. 

13. A computer-implemented method, comprising: 

assigning a master-less controller to a cell in a string of 

cells wherein the master-less controller is not con- 
trolled by a master controller; and 

wherein the master-less controller decides locally to 

bypass a fraction of current around the assigned cell 
when the assigned cell has a higher voltage compared 
to other cells in the string of cells; and 

wherein the master-less controller maintains or bypasses 

a current of a neighboring cell through a direct physical 
connection with that cell when a neighboring controller 
fails to broadcast data to the assigned controller. 

14. The computer-implemented method of claim 13, fur- 
ther comprising: 

periodically broadcasting, from the assigned controller, 

data to one or more other controllers, 

wherein the data comprises information regarding cell 

voltage of the assigned cell, a bypass current of the 
assigned cell, a battery voltage, a battery current, and 
an identification of the assigned controller. 

15. The computer-implemented method of claim 13, fur- 
ther comprising: 

interrupting the assigned controller to receive data when 

the data is received from one or more other controllers. 

16. The computer-implemented method of claim 13, 
wherein the bypassing of the current further comprises: 
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maintaining the previous bypass command of the current 
on the assigned cell when a largest error is greater than 
zero and less than or equal to a voltage parameter, 

bypassing the current on the assigned cell when the largest 
error is greater than the voltage parameter, and 5 

stopping bypass of the current on the assigned cell when 
the largest error is less than or equal to 0. 


* * * * * 


